We report on a new tranflective liquid crystal display (LCD) mode having a single cell gap and a single LC mode. For this display mode, a low twisted nematic liquid crystal cell, having the twist angle of 60 , is used for both transmissive and reflective applications. The measured electro-optic characteristics of our transflective cell agree well with numerical simulation results. It is found that the transmittance and the reflectance become identical to each other in the high voltage regime. The new transflective configuration is useful for mobile LCD applications. With the advances of mobile display systems, the need for low power consumption and outdoor readability has been increased. Especially, transflective liquid crystal displays [1] [2] [3] (LCD) have been extensively studied because they satisfy the above requirements. The pixels are normally divided into two regions, transmissive and reflective parts, in transflective displays. Because of the optical path difference between the transmissive and reflective parts, a multi-gap design was used in a single panel.
With the advances of mobile display systems, the need for low power consumption and outdoor readability has been increased. Especially, transflective liquid crystal displays [1] [2] [3] (LCD) have been extensively studied because they satisfy the above requirements. The pixels are normally divided into two regions, transmissive and reflective parts, in transflective displays. Because of the optical path difference between the transmissive and reflective parts, a multi-gap design was used in a single panel. 2, 3) Although the transflective LCD with a multi-gap has good optical performances, the multigap fabrication process results in high cost and low yield in manufacturing. 4) In recent years, an approach to a hybrid LC configuration with a single gap has been taken because of the simple manufacturing process.
5) The optical path difference was compensated by two kinds of the LC modes adopted in a hybrid transflective display. However, different LC modes have inevitably different responses to an applied voltage such as the voltage-transmittance and the threshold voltage. Thus, different driving schemes should be used for transmissive and reflective parts. In this work, we propose a new configuration of a transflective LCD having a single cell gap and a single LC mode. The measured electro-optic (EO) characteristics are in good agreement with numerical simulations. The advantages of this new transflective LCD over existing modes are discussed.
Our transflective cell has two domains, transmissive and reflective parts. As shown in Fig. 1 , the transmissive part is composed of two polarizers, a low twisted (60 -twisted) nematic LC (LTN) cell. The operation principle is basically identical to a conventional TN LCD case. The reflective part is composed of a polarizer and a 60 -TN LC cell, a quarter wave plate, and a reflector. We used the cell gap of 1.8 mm thick. This gap is much smaller than that for the GoochTarry first minimum, 3.4 mm, evaluated from the relationship of ffiffi ffi 3 p !0=%Án, where !, 0 and Án are the wavelength of the illuminating light, the phase retardation and the birefringence, respectively. In this respect, our new configuration shares some common features with the mixed mode twisted nematic (MTN) mode. 1) In the MTN mode, the twist angle is usually smaller than 45 to use both the polarization guiding effect and the optical retardation for reflective-type applications. In our case, the twist angles in both the reflective and trasmissive parts are optimized and the guiding effect of the LTN cell is only considered. The operation principle of our transflective LCD is depicted in Fig. 2 . In the transmissive part, an input light from a backlight unit is converted into a linearly polarized light by an input polarizer. The polarization state of the input light is rotated through the LTN layer in the field-off state, and the light is then transmitted through the output polarizer. The polarization rotation doesn't occur under an applied voltage. In the reflective part, an input light from the front panel is converted into a linearly polarized light. The polarization state of the input light is rotated through the LTN layer. Due to the mismatch between the output polarization direction and the optic axis of a quarter wave plate, the outcoming light emerging from the quarter wave plate is elliptically polarized. The phase of light is changed by % due to the reflector. Moreover, the outcoming light is guided by the LTN layer and is transmitted through the front polarizer. Accordingly, a bright state is obtained under no applied voltage. Under an applied voltage, the wave guiding effect becomes disturbed. Above the saturation voltage, the LTN layer produces no optical retardation. In this case, the polarization of the input undergoes only !=2 of optical retardation due to the quarter wave plate and the reflector. Thus, the outcoming light is blocked by the front polarizer and a dark state is obtained. The transflective LC cell was made using two glass substrates coated with indium-tin-oxide. The alignment layer of AL1051 (Japan Synthetic Rubber Co., Japan) was coated on the inner surfaces of the substrates and rubbed unidirectionally to produce uniform planar alignment. The two substrates were assembled to make an angle of 60 between two rubbing directions. The cell thickness was maintained using glass spacers of 1.8 mm thick. The MLC6012 (Merck) doped with S-811 was injected into the cell by capillary action at room temperature. A reflector used has two regions, transmissive and reflective parts. The reflective part was deposited with aluminum (Al) and a quarter wave film (Polar Vision) was directly attached onto the Al layer. Two polarizers were attached to both side of the LTN cell as shown in Fig. 1 . The transmittance and the reflectance of a He-Ne laser of 633 nm were measured as a function of the applied voltage from 0 to 10 V. The response times were measured using a square wave voltage of 50 Hz.
We first performed numerical simulations to obtain the EO characteristics of several transflective LC cells using the Extended Jones matrix formulation.
6) The material parameters used for numerical simulations are the elastic constants
À12 N, the ordinary refractive index n o ¼ 1:4620 þ 5682=! 2 , the extraordinary refractive index n e ¼ 1:5525 þ 9523=! 2 , the dielectric anisotropy " a ¼ 8:2 and the rotational viscosity 1 ¼ 0:192 PaÁs. Here, ! is the wavelength of the incident light in nm. The numerical results are shown for three cases of different cell gaps in Fig. 3 . The gaps 3.4 mm and 1.8 mm thick correspond to the Gooch-Tarry first minimum and the !=4 condition, respectively. The magnitude of the birefringence, larger than !=4, produces an undesirable EO feature which is a concave or convex shape occurred in the reflectance-voltage curve near the threshold voltage as shown in Fig. 3 . In addition, the reflectance is quite different from the transmittance. Therefore, in our case, the cell gap is reduced to obtain similar or even identical EO characteristics in the two domains.
Let us evaluate the transmittance as a function of the twist angle by substituting È ent ¼ %=2 À , È exit ¼ into Ong's expression 7) for the transmission intensity of a twisted nematic LCD. The transmittance is given by
where Fig. 5 , it is clear that the EO characteristics of the transmissive and the reflective parts were very similar to each other. Thus, a single driving scheme is applicable for our transflective LC cell. It should be noted that a small cell gap is desirable for improving the EO response time.
The measured rising and falling times of the response were found to be 5.8 ms and 800 ms, respectively. The switching times are fast enough for video-rate applications and even for field sequencial applications. One point is that the transmissive intensity is relatively low compared to the reflective intensity because of the incomplete wave guiding effect resulting from a small gap and the mismatch between the LC director in the LTN layer and the optic axis of the quarter wave plate. For practical applications, the cell gap and the optic axis orientation should be adjusted to give maximum EO performances.
We demonstrated a new configuration of a transflective LCD having a single cell gap and a single LC mode. The EO characteristics of the transmissive and the reflective parts were found to be quite similar, and thus a single driving scheme would be applicable. Due to the small cell gap, fast response times were obtained. An extra retardation film on the transmissive or the reflective part, made with a photopolymerizable liquid crystalline material 8) can be used to manufacture transflective LCDs in a simple and cheaf manner. Further studies on the optimization of the new transflective configuration presented here remain to be carried out.
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